Introduction
The term "martensite" was introduced in 1895, by the French metallographer F. Osmond [1] who coined the name to recognize the early support by the German metallurgist A. Martens to metallographic investigations. Since then, practical and fundamental aspects of martensite have been a continuing endeavor of metallurgists, aiming to improve performance and broaden steels utilization. Nowadays, steels bear optimized microstructures, which frequently derive from the response of martensite transformation to mechanical stimuli. The early investigators established the relationship between the composition of the steel, the martensite fraction transformed, and the martensite morphology. The nearly supersonic formation of martensite during continuous cooling [2] entailed perception that the transformation proceeded by the nucleation of several units instead of the growth of a few ones. Until the 1950s when Kurdjumov and Maximova [3, 4] described "isothermal" martensite, the transformation was generally considered "athermal" (not thermally activated). Thereafter, classical and non-classical concepts have been proposed to rationalize martensite's kinetic behaviors [5, 6] . Compositional [7] as well as structural heterogeneities [8] were considered to explain the nucleation-controlled aspect of martensite. Meantime, advances in the analysis of martensite's crystallography [9] suggested a semi-coherent martensite-austenite interface [10] , which renders improbable the martensite propagation by single-domain nuclei crossing a classical nucleation path. Then, the critical step in the martensite propagation was operationally relocated from austenite→martensite to "embryo"→martensite, where embryo meant a pre-transformation assemble.
Despite the relative success of this conceptualization [5] , the fact that the assumed volumetric embryonic features could not be observed led to the fault model advanced by Olson [11] . This model postulates the dissociation of an austenite defect into a martensite embryonic fault-assemble whose propagation depends on the mobility of its interfacial structure [12] [13] [14] [15] . The presence of long-range stress fields promotes athermal drag, whereas short-range interactions promoted by the interfacial core may be overcome by thermal activation [16, 17] , explaining martensite's "athermal" and "isothermal" kinetics. The dynamic aspects of the fast growth of martensite have been considered by Meyers [18] . Meyers proposed that the highly compressed state resultant from the nearly instantaneous formation of a martensite nucleus entails a longitudinal wave that generates the midrib as well as activates a transverse wave that completes the transformation of austenite into martensite.
Pursuing different venues, Chen et al. [19] associated the martensite transformation path with the austenite conversion into a sequence of domains transformed by complementary lattice correspondence (Bain strain). Kakeshita et al. [20] [21] [22] introduced a probabilistic approach to describe timedependent as well as to time-independent martensite kinetic if the transformation takes place when excited austenitic nano-clusters cross the reaction path. More recently, the simulation of heterogeneous martensite nucleation due to Zhang et al. [23] reiterated the view that martensite nucleates from multi-domains ensembles in the volume of influence of austenite defects. Indeed, martensite embryonic-domains may be stabilized by the relaxation of the lattice correspondence misfit in a grain boundary environment [24] . Related results of Monte Carlo quench experiments [25, 26] suggest entropic barriers on martensite transformation path, a topic also considered in [27] .
In the present work, we describe a probabilistic approach to the martensite transformation curve that conforms to the view that the resultant microstructure is shaped by the local conditions [28] coherently with the diffusionless-displacive aspect of the transformation initiated at scarce and randomly disperse austenitic loci [29] .
Microstructural evolution
At present it is accepted that "a martensitic transformation is a shear-dominant, lattice-distortive, diffusionless transformation occurring by nucleation and growth" [30] . As consequence of these specificities, a martensite unit cannot grow through high-angle boundaries so that the growth is frequently halted by impingement. Thus, martensite's shape-strain must be locally relaxed into the austenite or by sympathetic nucleation events.
The crystallographic bias (variant-selection) introduced by the latter events are evidenced by the zigzagging martensite units seen in Fig. 1 , as well as by the packets and the blocks typical of other martensite microstructures [31] . Here, we share the view that the martensite transformation modulated by autocatalysis, is driven by the effect of the external variable on the stability of the system. However, the intensity of the transformation (the volume fraction transformed) depends on the local interactions among the martensite units as well as with the austenite matrix.
3.
Formal description of the microstructure Historically, the advance of the martensite transformation in iron base alloys has been described by transformation-curves that give the volume fraction of material transformed into martensite as a function of the external variable, e.g., the quenching temperature. Stereology teaches us that the volume fraction of a material feature is given by the product of the number density times the mean volume of the features
In the case of martensite, we substitute M for , N VM for N V , V VM for V V . Thus, M stands for the overall mean volume of a martensite unit in the material. However, the experiments of Cech and Turnbull [29] have shown that Fe30wt%Ni particulate does not transform uniformly, suggesting the existence of scarce/random-distributed number of defects that catalyze the heterogeneous martensite transformation. Thus, the transformation curve bears this probabilistic aspect of the transformation. Moreover, it should be apparent that the (local) volume fraction of martensite in a transformed grain is generally distinct from the (overall) material fraction transformed. Cohen and Olson [32] derived a mathematical expression to describe the results of Cech and Turnbull on a system consisting of particles, not a polycrystal. Cohen and Olson [32] considered that the mean number of nucleation loci per particle: q p n T V was given by the product of the mean particle volume, q p , times the number of nucleation loci per unit of volume, n T V . Cohen and Olson [32] used the Poisson distribution to model the number of nucleation loci per particle. So, the probability that a particle contains "n" nucleation loci is
. Therefore, the probability that a particle contains no nucleation loci is given by P(n = 0) =
. Thus, the probability that a particle contains at least one nucleation locus is simply P p = 1 − P(n = 0). Finally, we recover the result of Cohen and Olson [32] : the probability that a particle contains at least one nucleation locus at temperature T
where n T V is the number density of preexisting nucleation loci, and q p is the mean particle volume. Tantamount, Eq. (2) gives the volume fraction of material comprising the particles where martensite formed. In bulk polycrystalline material of similar composition, Fe-31wt%Ni-0.02wt%C, clusters of partially transformed grains form due to intergrain interactions [33] , see Fig. 2 . The phase-field model described in Ref. [25] suggest that although Fe-31wt%Ni martensite may nucleate at grain boundaries, the intragrain growth is a cooperative event between units with complementary crystallographic variants that can develop into a chain-reaction. Furthermore, since such a cooperative event is also possible between adjacent grains, the initial chain-reaction may reach neighboring grains and burst into clusters of transformed grains [34] [35] [36] [37] . Recalling Magee [38] , it is admissible that grains are equally transformed by the chain-reactions, so that the number density of transformed grains at temperature T ≤ M s is given by the ratio N VM /ˇ, where ˇ is the average number of martensite units per transformed grain. Thus, recognizing the randomness of the initial nucleation loci, we substitute the volume fraction of material comprising partially transformed grains, V VG , by the probability of finding at least one of them
where q is the mean austenite grain volume. This Eq. (3) is analogous to the heuristic equation introduced in Ref. [33] . Proceeding, note that the volume fraction of martensite in these autocatalytic transformed grains is f = ˇv MG /q, where v MG is the local martensite mean unit volume modulated by the autocatalysis. Thus, the probability of finding martensite in the material is given by f · qN VM /ˇ = v MG N VM . Therefore, in a material that conforms to the above rules, the overall martensite volume fraction may be expressed as
Noteworthy, Eq. (4) refers to the influence of autocatalysis instead to the size of austenite compartments as in Fisher's partition equation [7] .
Transformation curve
The search for an optimum equation for martensite's transformation curve has been a continuing endeavor in materials R&D [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Among the ones advanced, the empirical equation due to Koistinen and Marburger [40] 
where ˛ ≈ 0.011, M S is the martensite start temperature and T is the quench-temperature, became the one most operationally used and/or mentioned in the literature. Meantime, the influence of the microstructure on the transformation curve has been established [41, 44, 45] and modifications have been proposed to Eq. (5) based upon the system properties. Here, we revisit the modeling of the transformation curve. We start by focusing the admittedly nucleation-controlled, autocatalytic and athermal martensite transformation in quenched Fe-31wt%Ni-0.02wt%C. Thus, we suppose that an incremental variation in the external variable [48] (e.g., the quench temperature) results in an increment in the number of martensite units observed in the microstructure, and admitting that the chemical driving-force is linearly dependent on the temperature,
where ϕ k is a kinetic-factor. T* is the highest temperature at which an austenite defect is able to sustain correlated atomic groups in the presence of thermal agitation. The integration of Eq. (6) between the martensite start temperature, M s , and the quench temperature, T, gives
where N VM0 is the number density of martensite units transformed at the M s temperature. Therefore, substituting Eq. (7) into Eq. (4), and admitting that at T = M s , the local fraction transformed is V VM0 = v MG N VM0 , gives the equation of the athermal transformation curve.
It can be shown that the analog of Eq. (8) relevant to a thermally activated, time-dependent ("isothermal") martensite transformation at temperature T is
where is the incubation-time and t 0 is the detectable initial transformation time. V VM0 is the volume fraction transformed at t 0 in a grain. The temperature-dependence in the kineticfactor is indicated in the superscript index, ϕ T k . At this point, it is appropriate recalling that the utilization of probabilistic concepts to describe/analyze aspects of martensitic transformations is not new [20, 32] . The model's Eqs. (8) and (9) were checked by fitting experimental data. Nevertheless, likewise the models/equations referred in our review, ours bears simplifications, e.g. Eq. (6), whereas the probabilistic underlay consolidated in Eq. (4) is an expeditious alternative to deal with the complex size-distribution of the martensite units [7, 53] .
Athermal transformation
The fittings of Eq. (8) to the transformation-curves of Fe-31wt%Ni-0.02wt%C with different grain-sizes (0.027-0.142 mm) transformed by quenching, and those of the dilatometer-transformed Fe-C steels [42] are shown in Figs. 3 and 4 , respectively. The values of the fitting parameters are depicted in Table 1 . The values of T* ≥ M s refer to the chemistry of the alloy's chemistry. In case of barrierless transformation, once an austenite defect sustains a correlated atomic group, and the available driving force suffices to take the transformation elastic energy, "athermal" propagation occurs. The sharp differences between the values of V VM0 (Fe-Ni-C/Fe-C) are coherent with the bursting aspect of the Fe-Ni-C martensite. In the Fe-Ni-C, which transforms below room temperature into lenticular-twinned-martensite, 
Isothermal transformation
The data set typical of isothermal martensite transformation in Fe-23.2wt%Ni-2.8wt%Mn-0.009wt%C used in the present work was issued by Ghosh and Raghavan [54] . These data were incorporated here by scanning and digitizing the charts in Fig. 2 in their paper. The capability of Eq. (9) to describe the transformation curves is evident in Fig. 5 . The fittings are better at the larger fractions transformed. Since the original charts did not permit to distinguish from t 0 , we assumed /t 0 = 0.9999, noting that the quality of the fittings was not impaired by using a smaller /t 0 ratio, e.g. 0.80.
The fitted values of V VM0 , , and ϕ T k , as well as the respective fitting-correlations are depicted in Table 2 . Perusing this table, it is conspicuous that the fitting parameters go through maximum/minimum values about the same intermediate temperature: ∼160 K. In the case of the isothermal martensite, the nucleation is thermally activated. That is, although the population of correlated atomic groups available to cross the transformation path [55] may be stabilized by decreasing the temperature, their ability to overcome the barrier is impaired. Accordingly, the values of and ϕ T k delineate C-curves -see Figs. 6 and 7. The ultimate temperature at which an austenite defect is able to sustain correlated atomic groups in face of thermal agitation, T*, sets the upper limit for the C-curves. The apparent activation-energy obtained from the upper limbs of the C-curves 2.7 × 10 −20 J/event and 4.9 × 10 −20 J/event compare with values for the activation energy for martensite nucleation reported Ref. [54] .
The parameter refers to the activation energy typical of the initial martensite nucleation, Wa. Recalling that the martensite transformation in particulate Fe-30wt%Ni [29] warrant expressing the probability of existing operational nucleation loci in the austenite by the ratio
, where S is the martensite transformation entropy, T* was above defined, k B is Boltzmann's constant, and T is the reaction temperature [54] , we write
where ϑ is a frequency factor that depends on the nucleation mechanism [54] . In Fig. 8 we compare the values of Wa reported in Ref. [54] with the values now calculated by inputting the values of from Table 2 into Eq. (10) . Note that fitting T* = 206 K, and ϑ = 10 13 s −1 as in [54] , the charts converge. Remarkable, the convergence hints that the local austenite stability is influenced by thermal agitation. 
Autocatalysis and intergrain-spread in athermal martensite
Here we consider this subject by referring to the microstructure evolution in quench-transformed Fe-31wt%Ni-0.02 wt% whose martensite units gauge (partition) the austenite grains. As mentioned, martensite's shape-strain is locally relaxed by slip [56, 57] as well as by sympathetic nucleation [35] . The latter yields chain-reactions forming zigzags modulated by variant selection that feedback strain-energy. Frequently, this process entails a fast, near explosive, transformation that spreads into adjacent grains forming clusters of transformed grains. The impingement of austenite-gauging martensite units on grain boundaries is critical for cluster formation [58] .
This intergrain spread of the martensite transformation in Fe-31wt%Ni-0.02 wt% has been characterized by metallographic analysis. The area density of the ordinary grain boundaries that delineate the clusters of transformed grains, S VG , and the contained volume fraction of material (austenite plus martensite), V VG , were determined as described in Ref. [59] . The intergrain transformation does not visibly affect the austenite grain boundaries. However, the size of the clusters is delimited by some drag effect or by coalesce on adjoining. The latter is evidenced by the fact that S VG reaches a maximum at an intermediate value of V VG [33] . Henceforth, to characterize the drag effect on the clusters' growth we calculated their "coalescence-compensated" volume [60] 
where is a shape factor. The values of Q C , assuming tetrakaidecahedra clusters and grains ( = 16/3) are shown in Fig. 9 , along with the values of the parameter ˇ, which refers to the intragrain autocatalytic transformation. The values of ˇ were calculated with Eq. (3). Observe that ǐ s nearly invariant, coherently with the mechanical (athermal) feedback provided by the variant-selection in the zigzags [35] . the activation energies for the nucleation of martensite in a similar Fe-Ni-C alloy subject to micro-seconds tensile stress-pulses, 4.1 × 10 −20 J/event − 6.3 × 10 −20 J/event, attributed to nucleation controlled by interface-mobility [61] . Nonetheless, since the parameter ␤, which characterizes the intragrain-spread of the transformation, is temperatureindependent. It is apparent that the temperature dependence in the intergrain-spread must relate to a distinct thermally activated process. In any case, the thermally activated aspect of the martensite autocatalysis in the "athermal" Fe-Ni-C goes along with a temperature dependent kinetic-factor in the FeNi-Mn.
Summary and conclusions
This work addressed the description and analysis of the martensite transformation curves, bearing a survey of literature of the present understanding about this matter. The work comprised a probabilistic description of microstructure evolution preceded the derivation of the equation of the transformation. The latter assumed that an increment in the number of martensite units refers to an incremental variation in the external variable modulated by the autocatalysis. The following concepts underlie the model. (i) The advance of nucleation-controlled martensite propagation is determined by the stability of the alloy-system, modulated by the autocatalysis. (ii) The volume fraction transformed depends on the local interactions in the grains, between a growing unit, their neighbors and the austenite matrix. (iii) The initial, scattered and heterogeneous propagation of martensite, sets the base for the distribution of the martensite in the material and for the microstructural evolution. (iv) The parameters in the derived equations refer to the kinetic aspects of the transformation.
The formalisms were validated by fitting experimental transformation curves typical of the athermal as well as of the thermal-activated martensitic transformations. The values of the fitting parameters were compared with previous, independent, results described in the literature. The following is noteworthy:
The probabilistic description of the relationship between the volume fraction and the number of units transformed constitutes an expeditious as well as an operational alternative to considering the size-distribution of the martensite units. The values of the parameters characteristic of the "isothermal" (thermally activated) transformation data support the view that martensite nucleation initiates in the volume of influence of austenite defects, if they sustain a correlated atomic group in face of thermal agitation. Tantamount, thermal agitation influences in the local austenite stability. The analyzed transformation-curves suggest that the relaxation of the shape-change either by autocatalysis feedback, by the austenite plasticity or by assimilation into the martensite has a determinant effect in the volume fraction transformed, thence in the transformation curve.
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